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.Abstract  
The total fusion cross sections for the fusion of weakly bound 9Be on 27Al and 64Zn 
targets at near and above the barrier have been calculated using one dimensional barrier 
penetration model, taking scattering potential as the sum of Coulomb and proximity potential and 
the calculated values are compared with experimental data. For the purpose of comparison  of  
the fusion of weakly bound projectiles and strongly bound projectiles, the total fusion cross 
sections for the reaction of tightly bound nucleus 16O on 64Zn have also been computed using a 
similar procedure. The calculated values of total fusion cross sections in all cases are compared 
with coupled channel calculations using the code CCFULL. The computed cross sections using 
Coulomb and proximity potential explain the fusion reactions well in both cases of weakly bound 
and strongly bound projectiles.  Reduced reaction cross sections for the systems 9Be+27Al, 
9Be+64Zn and 16O+64Zn have also been described. 
1. Introduction 
As the synthesis of super heavy elements (SHEs) is a hot topic and very interesting 
problem  nowadays, many investigations  both experimental and theoretical on heavy-ion fusion 
reactions at, above and below the Coulomb barrier [1-5]  have been an area of extensive studies  
in Nuclear Physics. The considerably high beam intensity of stable weakly bound nuclei 
compared to radioactive beams make the study of the fusion of weakly bound nuclei and the 
influence of  breakup process in the fusion reactions  [6-11]  an important subject of detailed and 
in-depth investigation in heavy-ion fusion reactions. In the fusion processes and more 
specifically, in the fusion of weakly bound nuclei, several reaction mechanisms followed by the 
breakup of the projectile have to be considered both experimentally and theoretically: incomplete 
fusion reaction (ICF), when part of the projectile is captured by the target; and complete fusion 
(CF) with the capture of all of the projectile constituents by the target. Total fusion (TF) is 
understood as the sum of these two processes (CF+ICF). 
  In the analysis of heavy-ion fusion reactions, an internuclear interaction consisting of 
repulsive Coulomb and centrifugal potentials and attractive nuclear potential plays a major role, 
where the potential is a function of the distance between centres-of mass of the colliding nuclei. 
At a distance referred to as Coulomb barrier the total potential attains a maximum value, where 
the repulsive and attractive forces balance each other and the energy of relative motion must 
overcome this barrier in order for the nuclei to be captured and fused.   
In the present work, the fusion excitation functions for the fusion of weakly bound 9Be on 
27Al and  64Zn targets have been calculated using one dimensional barrier penetration model [1], 
taking scattering potential as the sum of Coulomb and proximity potential [12] and the calculated 
values are compared with experimental data [11,13,14]. For the purpose of comparison of the 
fusion of weakly bound projectiles and strongly bound projectiles, the total fusion cross sections 
for the reaction of tightly bound nucleus 16O on 64Zn have also been computed using a similar 
procedure and the results are compared with experimental data [15]. The calculated values of 
total fusion cross sections in all cases are compared with coupled channel calculations using the 
code CCFULL [16]. Reduced reaction cross sections for the systems 9Be+27Al, 9Be+64Zn and 
16O+64Zn  have been described, by using the usual reduction procedure of dividing the cross 
section by 20Rpi , where 0R  is the barrier radius and the division of energy by Coulomb barrier. 
2. Theory 
2.1. The potential  
 Describing a unique nuclear potential for exploring different nuclear reaction 
mechanisms, which are exclusively governed by the nucleus-nucleus potential is an extensive 
challenge for the last several years in nuclear physics. Explaining the nuclear potential as the 
product of a geometrical factor, which is proportional to the reduced radii of colliding nuclei and 
a universal function is commonly accepted, as it is incorporating the role of different colliding 
nuclei in the geometrical factor. In this effort, a simple formula for the nucleus-nucleus 
interaction energy as a function of separation between the surfaces of the approaching nuclei has 
been given by the proximity potential of Blocki et al. [17]. The formula is free of adjustable 
parameters and makes use of the measured values of the nuclear surface tension and surface 
diffuseness. 
 The interaction barrier for two colliding nuclei is given as: 
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where 1Z  and 2Z are the atomic numbers of projectile and target, r is the distance between the 
centers of the projectile and target, z is the distance between the near surfaces of the projectile 
and target, l  is the angular momentum, µ  is the reduced mass of the target and projectile and 
)(zVP  is the proximity potential given as: 
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with the nuclear surface tension coefficient,  
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with bz /=ξ , where the width (diffuseness) of nuclear surface 1≈b and Siissmann Central radii 
iC  related to sharp radii iR as 
i
ii R
bRC
2
−= . For iR , we use the semi empirical formula in terms 
of mass number iA  as: 
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The choice of the potential and its form to be adopted is one of the most challenging 
aspects, when one wants to compare the experimental fusion data with theory. Among such 
potentials, proximity potential is well known for its simplicity and numerous applications in 
different fields. It is based on the proximity force theorem according to which the nuclear part of 
the interaction potential is a product of the geometrical factor depending on the mean curvature 
of the interaction surface and the universal function (depending on the separation distance) and is 
independent of the masses of the colliding nuclei. 
2.2. The fusion cross section 
For the last four decades, the barrier penetration model developed by C. Y. Wong [1] has 
been widely used to describe the fusion reactions at energies not too much above the barrier and 
at higher energies, which obviously explains the experimental result properly. Following Thomas 
[18], Huizenga and Igo [19] and Rasmussen and Sugawara [20], Wong approximated the various 
barriers for different partial waves by inverted harmonic oscillator potentials of height 
l
E  and 
frequency 
l
ω . For energy E, using the probability for the absorption of thl partial wave given by 
Hill-Wheeler formula [21], Wong arrived at the total cross section for the fusion of two nuclei by 
quantum mechanical penetration of simple one-dimensional potential barrier as: 
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is the curvature of the inverted parabola. Using some 
parameterizations in the region 0=l  and replacing the sum in Eq. (8) by an integral Wong gave 
the reaction cross section as: 
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For relatively large values of E , the above result reduces to the well-known formula: 
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2.3. The reduced reaction cross section 
A common procedure of eliminating the geometrical factors  concerning different 
systems by ‘reducing’ the cross section and the centre-of-mass energy has extensively been used 
in recent years [22, 23,24] for the comparison of the excitation functions of  different reaction 
mechanisms induced by different projectiles on the same target nucleus .  The normal procedure 
consists of the division of the cross section by 20Rpi , where 0R
 
is the barrier radius and the 
division of energy by Coulomb   barrier 0E .  
3. Results and discussions 
For 0=l
,
 the interaction barriers for the fusion of the systems 9Be+27Al,  9Be+64Zn and 
16O+64Zn with Coulomb and proximity potential have been plotted in Fig.1, against the distance 
between the centers of the projectile and the target. The values of the barrier height 0E  and the 
barrier radius 0R  for the reactions are noted. It is to be noted that the system 
16O+64Zn has 
maximum barrier height 0E  and the barrier radius 0R . In the case of reactions of weakly bound 
projectile 9Be on 27Al and 64Zn, as the mass of the target increases, the barrier height 0E  
increases and the barrier radius 0R  shifts towards larger value. Above the Coulomb barrier, the 
total fusion cross-sections for all the reactions have been calculated by using the values of barrier 
height BE  and barrier radius BR  taken from the respective figures and using Eq. (8).  
In the reactions of 9Be+17Al,  9Be+64Zn and 16O+64Zn, above the barrier, the total fusion 
cross-sections computed using Wong’s formula with Coulomb and proximity potential given by 
Eq. (8) and the corresponding experimental values are shown in the Tables I, II and III and in 
Figs. 2, 3 and 4. 
In Figs. 2, 3 and 4, the dotted lines represent calculations using no channel couplings and 
the solid lines represent the vibrational couplings in the target, while using the code CCFULL, 
whereas pair transfer channel is not included. A radius parameter of rc=1.2fm, with deformation 
parameters, CN λλ ββ = is used in all calculations. The depth parameter V0 and the surface 
diffuseness parameter a0 for the nuclear potential (of the Wood-Saxon form) in the coupled 
channel calculations using CCFULL have been calculated [25], with r0 fixed at 1.20fm.   
In Fig.2, in the case of reaction of weakly bound projectile 9Be on 27Al target, above the 
barrier the total fusion cross-sections (down triangles) computed using Eq.(8) fit reasonably well 
with the experimental data (circles), while using the scattering potential as Coulomb and 
proximity potential. The depth parameter V0 and the surface diffuseness parameter a0 for the 
nuclear potential in CCFULL calculations have been taken as 40.40MeV and 0.60fm 
respectively. In the CCFULL calculations (Coupled) of 9Be+27Al reaction, the single phonon 
excitation with 448.02 =
Nβ  and excitation energy 1.014MeV of   27Al is used, where the weakly 
bound projectile 9Be is kept inert. In the case of CCFULL calculations with no couplings 
(Uncoupled) almost no difference between the two calculations can be observed in comparison 
with coupled calculations, as expected at these energies above the Coulomb barrier.  
     In the case of reaction of weakly bound 9Be and strongly bound 16O projectiles on 64Zn 
target, above the barrier the total fusion cross-sections (down triangles) computed using Eq.(8)  
show good fit with the experimental data (circles), irrespective of the fact that 9Be projectile is 
weakly bound and 16O is strongly bound, as shown in Figs.3 and 4. The dotted lines and the solid 
lines in the Figs. 3 and 4 show the CCFULL calculations without and with coupling respectively.  
In all CCFULL calculations, the single phonon excitations in 64Zn with 236.02 =
Nβ  and the first 
two exited states of the target with excitation energies 1.799MeV and 0.991MeV have been used, 
where the projectiles are kept inert. The (V0, a0) parameters for the reactions 9Be+64Zn and 
16O+64Zn in the CCFULL calculations have been taken as (46.23MeV, 0.62fm) and (54.95MeV, 
0.64fm) respectively. In the case of with and without couplings, almost no difference between 
the two calculations can be observed just as it is expected above the Coulomb barrier.  
The comparatively good agreement between all calculations with the experimental data, 
at least within the experimental uncertainties, it can be concluded that the total fusion cross 
section calculations for the systems are not affected by the breakup process at energies above the 
barrier while using Coulomb and proximity potential. 
If the computed fusion cross sections for the system 16O+64Zn with strongly bound 
projectile is directly compared with the system 9Be+64Zn with loosely bound projectile, 
contribution of the  geometrical factors such as size of the projectile influences the result. For 
eliminating the effect, we have renormalized the cross sections with respect to geometrical value 
and incident energy with respect to barrier height, for the systems 9Be+64Zn and 16O+64Zn. Fig. 5 
represents the corresponding reduced reaction cross sections, by the usual reduction procedure of 
dividing the cross section by 20Rpi and the energy by E0 so as to compare the two systems on the 
same figure. As the cross sections for the two systems are rather similar, as shown in Fig.5, it can 
be concluded that the static effects arising from the weakly bound nucleons do not affect the 
fusion cross sections above the barrier and moreover, the dynamic channel couplings also are not 
relevant above the barrier.  
4. Conclusions 
Interaction barriers for the fusion of the systems 9Be+27Al, 9Be+64Zn and 16O+64Zn 
9Be+64Zn have been plotted against the distance between the centers of the projectile and target.  
It is noted that the barrier height 0E  and the barrier radius 0R  are greater for the system 
16O+64Zn. The total reaction cross sections of the systems 9Be+27Al, 9Be+64Zn and 16O+64Zn 
have also been computed and the results are compared with experimental data and coupled 
channel calculations using code CCFULL. While using the scattering potential as the sum of 
Coulomb and proximity potentials, above the barrier, the simple one dimension barrier 
penetration model developed by C. Y. Wong explains the fusion reactions of heavy ions 
reasonably well, irrespective of the nature of the projectiles; either weakly bound or strongly 
bound. The reduced cross sections compare different fusion reaction mechanisms induced by 
different projectiles and targets in the same figure.  As the reduced reaction cross sections for the 
systems 9Be+64Zn and 16O+64Zn are rather similar,  it can be concluded that the static effects 
arising from the weakly bound nucleons do not affect the fusion cross sections above the barrier 
and moreover, the dynamic channel couplings also are not relevant above the barrier.  
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 Figure 1. (Color Online) Scattering potential for the reactions of 9Be + 27Al, 9Be + 64Zn and        
16O + 64Zn consisting of repulsive Coulomb and centrifugal potentials and attractive nuclear 
proximity potential, for 0=l . 
 
Figure 2. (Color Online) Computed fusion cross sections for 9Be + 27Al reaction using Wong’s 
formula and their comparison with experimental data and CCFULL. 
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 Figure 3. (Color Online) Computed fusion cross sections for 9Be + 64Zn reaction using Wong’s 
formula and their comparison with experimental data and CCFULL. 
 
Figure 4. (Color Online) Computed fusion cross sections for 16O + 64Zn reaction using Wong’s 
formula and their comparison with experimental data and CCFULL. 
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 Figure 5. (Color Online) Reduced reaction cross sections for the systems 9Be + 27Al, 9Be + 64Zn 
and 16O + 64Zn.   
 
 
 
 
Table 1. Computed fusion cross sections for the system 9Be + 27Al their comparison with 
experimental data. 
Ec.m 
(MeV) 
Fusion cross sections (mb) 
Expt. 
Ref. [13] 
Theory 
Eq.(8) 
9.00 339±62 386.35 
10.50 428±48 588.73 
12.00 700±61 804.91 
14.25 975±88 976.06 
15.00 1044±100 1088.24 
16.50 1149±108 1147.36 
18.00 1163±100 1207.37 
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 Table 2. Computed fusion cross sections for the system 9Be + 64Zn their comparison with 
experimental data. 
Ec.m 
(MeV) 
Fusion cross sections (mb) 
Expt. 
Ref. [11,14] 
Theory 
Eq.(8) 
17.53 140±18 169.68 
18.41 358±35 287.25 
19.28 472±46 428.42 
20.16 570±57 495.84 
21.04 747±92 565.49 
22.79 930±92 815.63 
25.42 1120±112 939.26 
 
 
 
 
Table 3. Computed fusion cross sections for the system 16O + 64Zn and their comparison with 
experimental data. 
Ec.m 
(MeV) 
Fusion cross sections  (mb) 
Expt. 
Ref. [15] 
Theory 
Eq.(8) 
34.00 164±17 121.34 
40.00 536±60 561.56 
48.00 1095±110 892.44 
54.80 1354±162 1138.62 
 
